Abstract: MicroRNAs (miRNAs) are small non-coding RNAs, which function as critical posttranscriptional regulators of gene expression by promoting mRNA degradation and translational inhibition. Placenta expresses many ubiquitous as well as specific miRNAs. These miRNAs regulate trophoblast cell differentiation, proliferation, apoptosis, invasion/migration, and angiogenesis, suggesting that miRNAs play important roles during placental development. Aberrant miRNAs expression has been linked to pregnancy complications, such as preeclampsia. Recent research of placental miRNAs focuses on identifying placental miRNA species, examining differential expression of miRNAs between placentas from normal and compromised pregnancies, and uncovering the function of miRNAs in the placenta. More studies are required to further understand the functional significance of miRNAs in placental development and to explore the possibility of using miRNAs as biomarkers and therapeutic targets for pregnancy-related disorders. In this paper, we reviewed the current knowledge about the expression and function of miRNAs in placental development, and propose future directions for miRNA studies.
Introduction
MicroRNAs are small endogenous single-stranded RNAs that post-transcriptionally regulate the expression of various target genes. In 1993, the first miRNA, lin-4, was discovered as a 22-nucleotide non-coding RNA that regulated the timing of post-embryonic development by repressing lin-14 protein expression in Caenorhabditis elegans [1] . The second miRNA discovered, let-7, was also identified in nematodes [2] . Both miRNAs function in a similar way by binding with partial complementarity to the 3'-untranslated region (UTR) of their target genes. To date, more than a 1000 human miRNAs have been identified, each potentially controlling hundreds of target genes. It is now well established that these tiny miRNAs act as important gene regulators to control various physiological events, including placental development.
The placenta is a transient organ during pregnancy. It serves as the interface between the fetal and maternal environments and is involved in the exchange of gases, nutrients and waste products between the mother and the growing fetus [3] . Moreover, the placenta functions as an endocrine organ producing a number of pregnancy-associated hormones and growth factors to regulate fetal growth and maternal physiology [4, 5] . Finally, placenta acts as a barrier to protect the fetus from maternal immune attack [6] . Proper placental development is vital for embryo survival and health [7] . Defects in the function and development of the placenta have been associated with many pregnancy complications, such as preeclampsia (PE) [8, 9] , intrauterine growth restriction (IUGR) [10, 11] , small-for-gestational-age (SGA) [12, 13] , preterm birth (PTB) [12, 14] , and gestational diabetes mellitus (GDM) [15] .
Increasing evidence suggests that miRNAs are important regulators of placental development [12, 14, [16] [17] [18] [19] [20] . Many miRNAs have been identified in human placental tissues [21] . In addition, core proteins required for miRNA biogenesis have also been detected in villous trophoblast cells [22] . In vitro studies have shown that miRNAs regulate trophoblast cell proliferation, migration, invasion, apoptosis, and angiogenesis [16, 19, 20, 23, 24] . Aberrant expression of miRNAs in placenta from women with compromised pregnancies has been reported [14, 16, 25, 26] . Therefore, it is likely that miRNAs are necessary for the normal development of the placenta and abnormal expression of miRNAs is associated with defective placentation and compromised pregnancies [17, 18] . In this article, we reviewed the current state of miRNA research in human placenta, focusing primarily on miRNA expression, regulation, and functions, as well as its potential involvement in pregnancy-associated disorders, particularly PE.
Key Processes in Human Placental Development
Human placental development begins with the implantation of the blastocyst [27] . The initial adhesion of the blastocyst to the decidua, followed by establishment of more stable attachments and invasion into the implantation site is all centered around the interactions between cytotrphoblastic cells of the trophectoderm and the decidualized uterus [28, 29] . Cells of the trophectoderm undergo temporally and spatially regulated differentiation as they continue to invade the entire decidualized endometrium up until the inner third of the myometrium along with the maternal vasculature [27] . The cytotrophoblast progenitor cells line the basement membrane of the placental villi where they differentiate into two general pathways: villous and extravillous trophoblasts ( Figure 1 ) [30, 31] . In vitro trophoblast cultures have shown that both differentiation pathways occur spontaneously. Figure 1 . Trophoblast differentiation. The cytotrophoblast progenitor (CTBs) cells line the basement membrane of the placental villi where they differentiate into two general pathways: villous and extravillous trophoblasts. In the villous pathway, CTBs fuse into multinucleated syncytiotorphoblasts (STBs). From the proliferative anchoring columns, trophoblasts differentiate into two subpopulations of extravillous trophoblasts-interstitial (iEVTs) and endovascular (enEVTs). The iEVTs invade the decidua and the inner third of the myometrium while enEVTs are intimately involved in remodeling the maternal spiral arteries. There is evidence iEVT may differentiate into enEVTs in the superficial part of the decidua.
In the villous pathway, the mononucleated cytotrophoblasts (CTBs) fuse into multinucleated syncytiotrophoblasts (STBs) forming the syncytial layer that covers the placental villous tree. These cells are intimately involved in the exchange of gases, nutrients and waste across the materno-fetal interface [32] . The syncytial layer also plays a major role in the maintenance of pregnancy through the production of pregnancy-related hormones, such as human gonadotropin (hCG) and human placental lactogen (hPL) [33] . Additionally, STBs are in direct contact with the maternal blood and therefore are required to exhibit a level of immune tolerance [34] . The syncytium is non-proliferative and therefore is continually replenished throughout pregnancy through the fusion of the underlying progenitor cell layer [35, 36] .
In the extravillous pathway, CTBs from the cell column of the anchoring villi, exit the cell cycle, and shift from a proliferative phase into a migratory and invasive phenotype [37] . These invasive cells are termed extravillous cytotrphoblasts (EVTs) and can be further subdivided into interstitial EVTs (iEVT) and endovascular EVTs (enEVT) that appear to have distinct roles in the maternal decidua. The iEVTs have two distinct phenotypes: large polygonal iEVTs that secure the placenta to the uterus and small spindle-shaped iEVTs that invade deep into the decidua [38] . The invasive iEVTs show a distinct expression profile of adhesion molecules and human leukocyte antigen (HLA) class I major histocompatibility complex antigens [39] [40] [41] . The iEVTs secrete not only proteases that facilitate the breakdown of the decidual extracellular matrix, but also protease inhibitors, suggesting a self-regulating role in their invasive capacity [42] . Furthermore, as iEVTs invade the deeper portions of the decidua they form into placental bed giant cells capable of producing hormones and protease inhibitors, suggesting a role in pregnancy maintenance and in limiting EVT invasion past the myometrium, respectively [43] .
A key event during placental development is the remodeling of the spiral arteries from high-resistance, low flow muscular vessels to sac-like vessels of low-resistance and high-flow [44] [45] [46] . This process involves cross-talk between different cell types with enEVTs as the key players. The enEVTs invade the maternal vessels and travel down the lumen in a retrograde manner [44, 45] , replacing the endothelial cells of the maternal vessels through a process known as pseudovasculogenesis or vascular mimicry [39, 47, 48] . Endovascular EVTs have the ability to exist within the maternal vasculature like an endothelial cell mainly due to their switch from an epithelial to endothelial adhesion molecule profile [30] . The remodeling of maternal spiral arteries continues until mid second trimester, and goes as far as the inner third of the myometrium [44] . The resulting remodeled spiral arteries have an increased length and lumen diameter and are unresponsive to vaso-constrictive agents [30, 49] . This new, looser phenotype is an essential part of healthy pregnancies since it provides the necessary flow of maternal blood into the intervillous spaces to sustain the growing demands of the fetus throughout gestation [30] .
The placenta is a highly vascularized organ composed of both maternal and embryonic blood vessels. From the fetal side, two arteries and one vein from the umbilical cord feed into the placenta supplying vessels to each cotyledon where they further branch in the chorionic villi forming capillary loops [48] . On the maternal side, the EVTs are involved in remodeling the maternal spiral arteries, which leads to the increased blood flow toward the fetomaternal interface. The vascular density of the cotyledons, as well as uterine and umbilical blood flows greatly increase in the later part of gestation coinciding with an exponential increase in fetal growth [50] . Adequate placental vascularization is essential in order to keep pace with the growing fetus.
In addition to differentiation, migration, invasion and angiogenesis, proliferation and apoptosis also play a role in placental development. Proliferation is mostly confined to the CTB progenitor cell layer and is a vital process in the formation of anchoring columns in early gestation that attach the placenta to the uterine wall. Interestingly, proliferative markers decline later in gestation coinciding with a reduction in placental growth [51] . On the other hand, proliferative markers in the STB layer are not detected at any stage of pregnancy. However, apoptosis is important in STB turnover [52] All key processes of placental development are temporally and spatially regulated throughout pregnancy. Disruption of these events results in improper development and function of the placenta and contributes to gestational complications. For example, preeclamptic placentas show a decrease in invasive EVTs, insufficient remodeling of the spiral arteries as well as an increase in apoptotic cells [27, 53] . On the other hand, studies of IUGR placenta demonstrate a decrease in villi vascular density and capillaries in the stroma, reduced number of terminal villi and overall smaller placental size and volume due to reduced proliferation [54, 55] . Similarly, placentas from SGA pregnancies have reduced villous development [56] . The potential role of miRNAs in these processes and their dysregulation in pregnancy complications are the focus of this review.
Expression of MiRNAs in Human Placenta
It is now well documented that miRNAs can be produced by human placenta. Using microarray, Northern blot hybridization, in situ hybridization and real-time PCR techniques, many miRNAs have been detected in trophoblast cells and placental tissues [12, 14, 57] . Key molecules involved in miRNA biogenesis, such as Drosha, Exportin 5, Dicer, Argonaute 2 (Ago2) and DP103, have also been identified in trophoblast cells [22, 58] , confirming that the miRNA biogenesis pathway is active in human placenta. Moreover, miRNA expression in the placenta is regulated by environment factors [22] , signaling pathways [59] , and epigenetic modification [60] .
MicroRNA Biogenesis and Mechanism of Gene Regulation
MicroRNA biogenesis comprises miRNA gene transcription and several post-transcriptional modifications that result in the maturation of miRNAs. Firstly, miRNA genes are transcribed into primary transcripts (pri-miRNAs) by RNA polymerase II (pol II) [61, 62] . The pri-miRNAs are capped with 7-methylguanosine and are polyadenylated [62] . Secondly, the pri-miRNAs are cleaved into precursor miRNAs (pre-miRNAs) by the nuclear RNase III enzyme Drosha and its coactivator DGCR8 [63] . The pre-miRNAs are about 70 nt in length and have a characteristic imperfect stem-loop structure [63] . Thirdly, the pre-miRNAs are transported from the nucleus into the cytoplasm by Exportin 5 and are subject to cleavage by a second RNase III enzyme Dicer to produce a miRNA duplex [64] . Finally, the RNA duplex is unwound and the miRNA serving as a guide molecule is then loaded into the miRNA-induced silencing complex (RISC) for target recognition [65] [66] [67] [68] .
The mature miRNAs control gene expression at the post-transcriptional level, by repressing protein translation of target genes and/or inducing target mRNA degradation. Regulation by miRNA is largely dependent on complementary binding of its "seed sequence" (nucleotides 2-8) to target sites in the 3'UTR of mRNAs. Imperfect binding of miRNA to the partially complementary sequences in the 3'UTRs of the target mRNAs leads to repression of protein translation [61, [69] [70] [71] [72] whereas near perfect binding of miRNAs to the complementary sites of 3'UTR leads to cleavage and degradation of target mRNAs [73, 74] . In addition to 3' UTR, some miRNAs can also bind to target sites in the 5' UTR [75] . Finally, it has also been suggested that miRNAs suppress gene expression in proliferating cells but enhance gene expression in quiescent cells [76] .
Detection and Identification of MiRNAs in Placenta
Recognition of miRNAs as a novel class of gene regulators began with the cloning and sequencing of more than 100 novel endogenous miRNAs of 21-25 bp long from nematodes, flies and mammals [77] [78] [79] . To date, cloning of endogenously expressed short RNAs is still a powerful tool for miRNA discovery. Deep sequencing is a high-throughput technology for miRNA identification and expression profiling [80] . Due to its high-sensitivity, deep sequencing can also be used to reveal multiple miRNA variants with heterogeneous ends, lengths and expression levels [81] .
Many other detection methods have been applied to miRNA studies, such as Northern blot analyses [22, 57] , quantitative real-time PCR [19, 22, 82] , microarrays [21, 26, 57, 83] and in situ hybridization (ISH) [12, 84] . Northern blot assays are used, not only to detect the levels of miRNAs, but also to provide insightful information on the distribution of individual miRNA precursors in different tissues. A limitation of this method is low sensitivity and specificity because miRNAs have very short sequences. Utilization of locked nucleic acid (LNA) probes where every third nucleotide of the probe is substituted with LNAs greatly improves the sensitivity and specificity of Northern blotting for miRNA detection [85, 86] . RT-PCR is a widely used method for assessing levels of miRNA expression. Real time PCR allows for analyzing levels of miRNAs in a large number of clinical samples, such as placental biopsies, plasma or serum, due to its high sensitivity.
MicroRNA microarray is a powerful high-throughput assay capable of profiling the expression of large number of miRNAs at the same time [80, 87] . This technique has been extensively used to compare miRNA expression levels between normal placenta and placenta from compromised pregnancies [18, 26, 83] . Results from microarray experiments usually require validation and confirmation using larger sample sizes and more sensitive techniques, such as real-time PCR.
MicroRNA ISH is a useful method to investigate the localization of miRNA expression in cells or tissues as well as the relative abundance of miRNAs [88, 89] . However, the sensitivity of this detection is low because binding affinity to target miRNA is weak with the normal DNA or RNA probes. The LNA modified ISH probes are able to increase the affinity as well as the sensitivity and specificity of this assay [88, 89] . Using an LNA probe specific for miR-210, ISH revealed that miR-210 is primarily expressed in both villous trophoblasts and iEVTs [12] . ISH has also been used to detect the expression of miR-517b in STBs and villous stroma cells [82] .
The above mentioned miRNA detection methodologies have their own advantages and limitations. The intrinsic properties of miRNAs, such as small size and large number of closely related family members with highly similar sequences, make it challenging to measure miRNAs accurately. Ideally, more than one method should be used in one study to increase the reliability of the results.
MicroRNA Expression during Different Stages of Placental Development
Recent studies have shown that a large number of miRNAs are expressed in human placenta and some miRNA genes are expressed in a temporal and/or tissue-specific manner during different stages of placental development in line with their functions in regulating placental development and trophoblast cell activities.
Many miRNAs are expressed in human placenta and some of them, such as the C19MC and C14MC clusters, are specifically or preferentially expressed in the placenta [90, 91] . The C19MC, located in chromosome 19q13.41, is the largest miRNA cluster identified to date [80, [91] [92] [93] . This cluster harbors 46 pre-miRNAs transcribed from a non-protein-coding host gene and expressed only in the placenta [93] . The C19MC is primate specific and expressed from the paternal allele [94] . On the other hand, the C14MC cluster, containing 46 miRNAs in 14q32, is also highly expressed in the human placenta but is encoded by maternally imprinted genes [60] . The imprinted genes are usually activated at critical developmental stages and involved in controlling cell differentiation and fate in the embryonic growth or placenta tissues [95] .
Expression levels of some miRNAs vary with the stages of placental development. Using TaqMan Array a recent study shows that the level of C19MC miRNAs in trophoblast cells increases significantly from first to third trimester while C14MC miRNA levels have the opposite pattern [90] . A small increase in miRNA levels within miR-371-3 cluster, which is adjacent to C19MC, from the first to third trimester has also been observed [90] . In addition to these miRNA clusters, the levels of many other miRNAs in primary cultures of trophoblast cells also vary significantly between first trimester and term placenta [90] . In our recent studies, we found that miR-378a-5p levels were higher in first and second trimester than in third trimester placenta [19] while miR-376c levels were higher in second and third trimesters than that in the first trimester [16] . Our finding that placental miR-376c levels are higher in the third trimester than in the first trimester is conflicting with the qPCR array results reported by Morales-Prieto et al. [90] . The discrepancy may be due to the use of different materials to extract RNA. Placental tissue samples were used in our study whereas the other study used primary cultures of purified trophoblast cells.
Differential expression of miRNAs during different gestational stages suggests that miRNAs are regulated developmentally and that they have stage-specific functions during pregnancy. However, more studies are needed to fully characterize the spatial and temporal expression pattern of each individual miRNA in the placenta.
Regulation of MiRNA Expression in Placenta
How miRNA expression is regulated in human placenta is not well understood. Oxygen tension, which plays critical roles in placental development [96] [97] [98] , has been shown to be a major regulator of miRNA expression in placenta. Microarray analysis reveals that many miRNAs in primary cultures of trophoblast cells are regulated by hypoxia. Further analysis using real-time PCR confirms that miR-93, -205, -224, -335, -451, and -491 are upregulated while miR-424 is down-regulated when cells were cultured under 1% oxygen for 48 h [57] .
MicroRNA-210 is well known as a sensor of hypoxia [99, 100] . The miR-210 gene is located within the intron of the hypoxia-inducible AK123483 gene [101] . The level of miR-210 increases in response to low oxygen tension in many different cell types and it is up-regulated in hypoxia associated diseases, such as cancer and PE [99] . In trophoblast cells, miR-210 levels are also strongly upregulated by hypoxia [12] .
Several studies suggest that the changes of miRNA levels in response to hypoxia are due to transcriptional regulation of the miRNA genes. Expression of Ago2 and its interacting protein, DP-103, was not affected by hypoxia, suggesting that hypoxia regulation of miRNA expression unlikely occurs at the level of miRNA processing [22] . On the other hand, many hypoxia-responsive transcription factors that bind to hypoxia-responsive elements (HREs) on target gene promoters [102] have been identified to regulate miRNA gene expression in placenta. A major hypoxia-responsive transcription factor is the hypoxia inducible factor-1 alpha (HIF-1α) [99] . HIF-1α is directly recruited to the HRE region in miR-210 promoter, which leads to induction of miR-210 expression [103] . In turn, miR-210 stabilizes HIF-1α by targeting glycerol-3-phosphate dehydrogenase 1-like (GPD1L) mRNA [104] . GPD1L is an enzyme that causes HIF-1α hyperhydroxylation thus decreasing HIF-1α stability [104] . In addition to HIF-1α, p50, a subunit of the hypoxia-responsive transcription factor nuclear factor kappa-B (NFκB), also mediates the effect of hypoxia on miR-210 expression in trophoblast cells [105] .
Members of the activating protein-1 (AP-1) transcription factor family are expressed in human placenta, particularly in EVTs [106] . These transcription factors are implicated in trophoblast cell proliferation and differentiation, as well as pregnancy complications, such as PE [107] . Recently, an AP-1 site along with NFκB binding sites, has been identified in the miR-155 promoter [108] . Treatment of HTR8/SVneo cells with lipopolysaccharides (LPS) resulted in an increase in miR-155 levels. LPS activated JunB and FosB, two AP-1 members, as well as NFκB. Luciferase reporter assays further revealed that AP-1 and NFκB stimulated the transcription of miR-155 [108] .
Evidence is emerging to suggest that signaling molecules and environmental toxins are also involved in the control of miRNA expression in trophoblast cells. Leukemia inhibitory factor (LIF), which is known to be a major regulator of trophoblast functions, has been reported to upregulate miR-21 and miR-93, but down-regulate miR-141, expression in JEG-3 cells [109] . In addition, endocrine disruptors, such as Bisphenol A (BPA), significantly increased the expression of several miRNAs in trophoblast cell lines, HTR8 and A3. The increase in miR-146a levels after treatment with BPA was further validated by real-time PCR [110] . Similarly, miR-146a is down-regulated in TCL-1 cells exposed to nicotine and benzo(a)pyrene [111] . In addition, miR-16, miR-21 and miR-146a levels are also significantly lower in placentas obtained from women who smoked during pregnancy than in placentas from non-smoking women [111] . These findings provide new insights into how environmental toxins may affect placental and fetal development.
Epigenetic regulation, particularly DNA methylation, has been shown to play a key role in controlling tissue-specific expression of placental miRNAs. The C19MC miRNAs are not detectable in most cells but treatment with a demethylation agent strongly increased their expression in cancer cells [112] . In addition, the expression pattern of these miRNAs is highly correlated with the methylation status of a CpG-rich region, located upstream of the C19MC cluster. This CpG-rich region is hypomethylated in placenta but hypermethylated in other cells, suggesting that methylation plays a key role in the placenta-specific expression of C19MC and that demethylation is involved in the activation of C19MC in cancer cells [112] . Similarly, the expression of the C14MC cluster miRNAs in placenta is also regulated by a distal intergenic, Germ-Line-Derived differentially methylated region (DMR) [60] .
Regulation of Placental Development and Function by MiRNAs
Recent studies have revealed that miRNAs exert regulatory effects on trophoblast cell proliferation, apoptosis, migration and invasion, as well as on angiogenesis. Some miRNAs also regulate trophoblast cell metabolism (Table 1 ). These findings suggest that miRNAs can regulate placental development and function. However, only a small number of miRNAs have been studied so far and the functions for the majority of placental miRNAs remain unknown. 
MicroRNAs and Trophoblast Cell Proliferation and Apoptosis
MicroRNAs have been shown to regulate trophoblast cell proliferation and apoptosis during placental development (Table 1 ). In the first trimester placental explants, siRNA-mediated knockdown of Dicer significantly enhanced cytotrophoblast proliferation as well as the expression of two pro-mitogenic signaling molecules within cytotrophoblasts, ERK and SHP-2 [58] , suggesting that dicer-dependent miRNAs mainly exert negative effects on cell proliferation during early pregnancy, in part through inhibition of growth factors signaling. However, studies on individual miRNAs demonstrate that some miRNAs promote while others suppress trophoblast cell proliferation and survival.
Several miRNAs have been reported to enhance trophoblast cell proliferation and/or survival. For example, miR-378a-5p increased proliferation and survival of HTR-8/SVneo cells and enhanced the outgrowth of first trimester placental explants [19] . One of the target genes confirmed to mediate the effect of miR-378a-5p in trophoblast cells is Nodal, a transforming growth factor (TGF-β) family member known to inhibit proliferation and to promote apoptosis in trophoblast cells [119] [120] [121] . However, miR-378a-5p has a stronger effect than siRNA targeting Nodal in enhancing cell proliferation and survival [19] , indicating that additional genes are involved in miR-378a-5p-regulated trophoblast cell activities. Validated target genes of miR-378a-5p characterized in other cell types include aromatase [122] , Fus-1 and SuFu [123] . Whether or not these genes are involved in miR-378a-5p-regulated trophoblast cell activities remains to be investigated. Similar to miR-378a-5p, miR-376c also promotes trophoblast cell proliferation and survival partially by regulating Nodal and TGF-β signaling as it represses the expression of activin receptor-like kinase 5 (ALK5) and ALK7, type I receptors for TGF-β and Nodal, respectively [16] . MicroRNA-141 was highly expressed in first trimester trophoblast cells [92] . Silencing of miR-141 completely inhibited the proliferation of JEG-3 cells, suggesting that miR-141 promotes trophoblast cell proliferation [109] .
On the other hand, several miRNAs have been shown to inhibit trophoblast cell proliferation. Among them, miRNA-155 inhibits cell proliferation by suppressing cyclin D1 [24] . MicroRNA-675, encoded by the imprinted H19 gene, also exerts inhibitory effects on trophoblast cell proliferation. In human choriocarcinoma cell line, JEG-3, inhibition of miR-675 or silencing of H19 promoted cell proliferation [115] . Since miR-675 inhibited Nodal Modulator-1 (NOMO-1) expression and overexpression of NOMO-1 rescued the antiproliferative effect of miR-675 [115] , it is possible that a mechanism by which miR-675 inhibits trophoblast cell proliferation is to promote Nodal signaling by down-regulating NOMO-1. In addition, targeted deletion of miR-675 in mice resulted in a significant increased in placenta size, accompanied by an increase in miR-675 target genes, including insulin-like growth factor-1 (IGF-1) receptor [124] . IGF-1 is known to promote proliferation and inhibit apoptosis in human trophoblast cells [125] , therefore, miR-675 could inhibit placental growth by suppressing IGF signaling. Moreover, miR-29b has been shown to induce apoptosis of trophoblast cells partly due to the down-regulation of the Bcl-2 family member MCL1 expression [23] . On the other hand, miR-182 was shown to have an anti-apoptotic effect on trophoblast cells [83] , potentially by targeting FoxO3a and subsequently down-regulating Bim levels [126] .
MicroRNAs and Trophoblast Cell Migration and Invasion
As discussed above, migration and invasion of EVTs to the decidua and myometrium are critical events during placentation [127] . Dicer is abundantly expressed in EVTs of first trimester placenta [58] , suggesting miRNAs play important roles in trophoblast invasion. Indeed, recent studies have documented a number of miRNAs that are involved in the regulation of trophoblast cell migration and invasion (Table 1) .
Some miRNAs, such as miR-195 [20] , miR-376c [16] , and miR-378a-5p [19] , have been reported to enhance trophoblast migration/invasion. Interestingly, these miRNAs all target Nodal/TGF-β signaling, which has been shown to inhibit trophoblast invasion [119, 128, 129] . For example, miR-195 increased trophoblast cell invasion in part via modulating the expression of ActRIIA [20] , a type II receptor for several members of the TGF-β superfamily, including Nodal [130] . MicroRNA-376c induced trophoblast invasion and migration and explants outgrowth by targeting ALK7 and ALK5 to impair Nodal/TGF-β signaling [16] . On the other hand, miR-378a-5p promoted trophoblast migration and invasion by directly inhibiting the expression of Nodal [19] .
Several miRNAs, including miR-210 [105] , miR-34a [84, 131] and miR-29b [23, 84] have inhibitory effects on trophoblast cell invasion. It was reported that miR-210 inhibited the migration and invasion capability of trophoblast cells by repressing Ephrin-A3 and Homeobox-A9 [105] . The inhibiting effect of miR-34a on trophoblast cell invasion was mediated through inhibition of Notch1 and Jagged1 signaling [131] and down-regulation of plasminogen activator inhibitor-1 (PAI-1) [84] . On the other hand, miR-29b reduced trophoblast cell invasion probably via targeting matrix metalloproteinase (MMP)-2 and integrin β1 (ITGB1) in trophoblast cell lines [23] .
Thus, miRNAs can exert positive and negative effects on trophoblast cell migration and invasion by modulating the activity of signaling pathways, enzymes, and adhesion molecules. Again, only a small fraction of the miRNAs expressed in the placenta has been investigated for their functions. For each individual miRNA, only one or a few target genes have been characterized. More studies are needed to fully understand the function and mechanism of miRNAs in controlling these processes.
MicroRNAs and Placental Angiogenesis
Direct evidence supporting the role of miRNAs in placental vascularization and spiral artery remodeling is limited. However, several studies have implicated miRNAs in regulating these processes. Dicer is abundantly expressed in the first trimester EVTs and in the perivascular villous stroma, suggesting a potential role for miRNAs in spiral artery remodeling [58] . In addition, Dicer has also been found in the villous and umbilical vascular endothelial and smooth muscle cells [132] . The important role of miRNAs in angiogenesis is further supported by the findings that Dicer deletion resulted in embryonic lethality, with compromised blood vessel formation [133] .
MicroRNA-20b targets ephrin receptor B4 (EPHB4) and ephrin-B2 [134] , which are known to play important roles in placental angiogenesis [135] . However, miR-20b was not detected in endothelial cells of term placenta by ISH [136] , and the direct effect of miR-20b on angiogenesis has not yet been determined. MicroRNA-29b represses trophoblast cell invasion and tube-formation, as well as the expression of vascular endothelial growth factor-A (VEGFA) [23] . As VEGFA is known to be a key regulator of placental angiogenesis [137] , these findings suggest that miR-29b has an inhibitory effect on angiogenesis. Similarly, miR-16 also targets VEGFA and the expression level of VEGFA is negatively correlated with the level of miR-16 expression in patients with severe PE [118] . In addition, overexpression of miR-16 in decidua-derived mesenchymal stem cells inhibits the ability of HTR8 cells to migrate and human umbilical vein endothelial cells (HUVEC) to form tube-like structures [118] , suggesting that miR-16 is a negative regulator of angiogenesis.
Although not yet studied for their roles in placental angiogenesis, many miRNAs have been demonstrated to regulate angiogenesis in tumor cells. For example, miR-125b has been reported to target VE-Cadherin and reduce endothelial cell tube formation as well as placental growth factor (PlGF) levels [138, 139] . On the other hand, miR-21 promotes cancer cell angiogenesis by up-regulating HIF-1α and VEGF expression through the activation of AKT and ERK 1/2 [140] . Similarly, miR-93 promotes tumor angiogenesis in U87 cells by targeting integrin-β8 [141] . Interestingly, integrin-β8 deficiency was shown to be lethal in mouse embryos in part due to insufficient vascularization of the placenta and yolk sac [142] . Moreover, miR-378a-5p enhances tumor angiogenesis [123] . Since these miRNAs and their targets are also expressed in human placenta, it is possible that they may also regulate angiogenesis during placental development. However, this remains to be directly tested using placental and uterine tissues. Placental and uterine tissue co-culture system has been established [143, 144] and it will be a useful model to study miRNA functions in placental angiogenesis and vessel remodeling.
Implication of MiRNAs in Compromised Pregnancies
Aberrant expression of miRNAs has been detected in various pregnancy complications, such as PE, PTB, SGA, IUGR, and GDM (Table 2) . Some recent studies have shed lights into the mechanisms by which miRNAs contribute to the pathogenesis of PE. miR-210, miR-193b, miR-144*, miR-193*, miR-18a, miR-185, miR-19a, miR-590-5p, miR-142-3p, miR-451, miR-22*, miR-526b*, miR-520a-3p, miR-10b, miR-20a, miR-518f*, miR-146b-5p, miR-517c, miR-518c, miR-5258-5p, miR-519e* and miR-126* IUGR Placenta Downregulated miR-518b, miR-1323, miR-516b, miR-515-5p, miR-520h, miR-519d and miR-526b
qRT-PCR [146] PE, Preeclampsia; SGA, Small-for-gestational-age; PTB, Preterm Birth; GDM, Gestational Diabetes Mellitus;
IUGR, Intrauterine Growth Restriction. Placenta-specific miRNAs are underlined.
Aberrant Expression of MiRNAs in Preeclampsia
Preeclampsia is a unique multisystem disease of human pregnancy characterized by maternal hypertension and proteinuria [147] . Severe PE is a major cause of maternal morbidity and accompanies adverse perinatal outcomes, such as perinatal death, PTB, SGA, and IUGR [8, 148] . A key pathological feature of PE is composed of shallow invasion of EVTs into the maternal decidua and myometrium, poor transformation of maternal spiral arteries and subsequent placental underperfusion [45, 46, 149] . Recent studies suggest that miRNAs are involved in the physiological regulation and pathological development of PE.
Many studies have been done to compare miRNA expression profiles between preeclamptic and normal placentas [14, 18, 25, 26, 132, 136] . A number of miRNAs have been found to be up-or down-regulated in preeclamtic placentas. The placental miRNAs that have been identified as expressed significantly different between healthy and preeclamptic patients are summarized in Table 2 . It should be noted that discrepancies exist with respect to which miRNAs are aberrantly expressed in PE placenta. For example, miR-20a and miR-17 were found to be up-regulated in preeclampsia by qPCR but not by miRNA microarray analysis [136] . Similarly, qPCR detected a significant decreased in miR-378a-5p levels in preterm placentas [19] and in miR-376c [16] and miR-675 [115] levels in term placentae, as compared to their gestational age-matched controls. However, microarray-based miRNA profiling studies did not detect significant changes in these miRNAs in PE placentas. On the other hand, the levels of some miRNAs were found to be significantly altered in PE placentas by microarray, but not by real-time PCR. Furthermore, while many studies have reported miR-210 as one of the most strongly upregulated miRNAs in PE (Table 2) , one report showed that miR-210 expression was not significantly changed in placentas from PE patients as compared to normotensive patients by real-time PCR [14] . Finally, some miRNAs identified to be down-or up-regulated by different studies are not consistent. MicroRNA-195 was found to be significantly up-regulated in placenta from women with severe PE by microarray analysis followed by qRT-PCR [25] . However, other studies showed a decrease of miR-195 [20, 26] in preeclamptic pregnancies. These discrepancies may be due to the different sensitivity of detection methods, different gestational stages of samples used, and/or individual variations. Furthermore, it may be attributed to the sampling sites within the placenta, as only a tiny portion of placenta is often used in RNA sample preparation.
Potential Contribution of MiRNAs to Preeclampsia
Some of the dysregulated miRNAs in PE have been examined for their functional roles in placenta and findings suggest that they contribute to the pathogenesis of PE by altering key processes in placental development. Specifically, aberrant expression of miRNAs could lead to limited proliferation and shallow invasion of trophoblast cells, as well as insufficient remodeling of maternal spiral arteries and defective angiogenesis. For example, several up-regulated miRNAs in preeclamptic placenta, including miR-210 [83, 105] , miR-20b [136] , miR-29b [23] , miR-16 [25] , miR-155 [117] and miR-675 [115] , have been demonstrated or suggested to inhibit angiogenesis and/or trophoblast proliferation, migration and invasion. On the other hand, a number of down-regulated miRNAs, such as miR-378a-5p [19] , miR-376c [16] , and miR-195 [20] , promote trophoblast cell proliferation, survival, and/or invasion.
Using primary trophoblast cells prepared from placenta with severe PE, it was found that elevated expression of miR-210 is responsible for mitochondrial dysfunctionin part due to its ability to suppress the expression of iron-sulfur cluster scaffold homologue (ISCU) ( Table 1) [12, 113] . MicroRNA-210 and another up-regulated miRNA in preeclamptic placenta, miR-518c, have been reported to target hydroxysteroid (17-beta) dehydrogenase 1 (HSD17B1), a steroidogenetic enzyme expressed in the placenta and responsible for the conversion of estrone to 17β-estradiol [114] . Interestingly, a prospective cohort study reveals that plasma HSD17B1 are significantly lower in pregnant women at 20 to 23 and 27 to 30 weeks of gestation before the onset of PE, as compared with healthy pregnant women, suggesting that plasma HSD17B1 can be used as a potential prognostic factor for PE [114] .
MicroRNAs and Other Gestational Disorders
IUGR is characterized as failure of a fetus to reach its growth potential and it can be caused by maternal, fetal, placental, and external factors [10, 11] . Other gestational disorders include PTB [12, 14] , SGA [12, 13, 83, 116] , and GDM [15, 145] . Emerging evidence suggests that miRNAs are dysregulated in these disorders (Table 2) . Interestingly, a recent study demonstrates that expression levels of seven placenta-specific miRNAs (miR-518b, miR-1323, miR-516b, miR-515-5p, miR-520h, miR-519d, and miR-526b) were significantly reduced in placentas from IUGR pregnancies than in placentas from uncomplicated pregnancies [146] . Low levels of miR-21 and miR-16 in the placenta are associated with fetal growth and reduced levels of these miRNAs have both shown to be predictive of SGA status [116] . Aberrant expression of miRNAs in these gestational disorders suggested a role for miRNAsin pregnancy complications. Further investigation of their target genes may reveal the molecular pathogenesis of these diseases as well as identify potential therapeutic targets and diagnostic biomarkers.
Circulating MiRNA as Potential Biomarkers for Pregnancy and Pregnancy-Associated Disorders
MicroRNAs produced by human trophoblast cells can be secreted into maternal plasma or serum through an exosome-mediated pathway [82] and have the potential to serve as biomarkers [150, 151] . Some placental miRNAs (miR-516-5p, -517*, -518b, -520a*, -520h, -525 and -526a) have been detected in maternal plasma and recognized as pregnancy associated miRNAs [152] . Both miR-21 and miR-141 are highly expressed in placenta tissue and they are abundantly detected in maternal circulation [82, 153] . Some miRNA levels are much higher in plasma from pregnant women than that from non-pregnant women [152, 154] . In addition, some miRNAs (miR-141, -149, -299-5p, and -135b) showed higher concentrations in the maternal plasma before delivery than after delivery [153] . Furthermore, some miRNA (i.e., miR-141) levels in plasma increase with the progression of gestation [153] . Hence, the levels of some placental miRNAs in maternal plasma are specifically associated with pregnancy and gestational age and may offer a noninvasive means for monitoring the status or condition of pregnancy.
Altered circulation levels of miRNAs have been reported in compromised pregnancies. Our recent studies show that plasma miR-376c levels are lower in PE patients than in control subjects. Interestingly, the decrease in plasma miR-376c levels are found at 16-18 weeks of pregnancy, in a group of subjects who later developed PE, suggesting the possibility of using miR-376c as a predictive biomarker for PE [16] . The functional significance of placental miRNA releasing into maternal circulation is not well understood. It is possible that these circulating miRNAs are involved in mediating maternal-fetal communication and maternal adaptation of pregnancy. This possibility remains to be tested.
Gestational Diabetes Mellitus (GDM) is one type of diabetes that occurs during pregnancy and significantly increases the risk of a number of adverse consequences for the fetus and mother. Serum miRNAs were analyzed by collecting blood samples of pregnant women at their 16-19 gestational weeks, who were diagnosed as GDM at 25-28 gestational weeks [145] . Three miRNAs (miR-132, -29a and -222) were significantly decreased in GDM women with respect to the controls in similar gestational weeks [145] , shedding light on miRNAs as the possible targets of earlier intervention and diagnoses.
Taken together, miRNAs in maternal circulation may serve as a new class of biomarkers for noninvasive prenatal diagnosis, gestational stage monitoring or early detection of pregnancy-associated diseases. However, more studies are needed, particularly using a larger number of samples from different gestational stages, to confirm if circulating miRNAs can be used as biomarkers for pregnancy.
Summary and Perspectives
The human placenta produces miRNAs and secretes them into maternal circulations [82, 150, 151, 153] . Several lines of evidence support the notion that miRNAs are critical players in human placental development. First, miRNA expression in the placenta varies with gestational stages and is regulated by environmental factors, such as oxygen tension [11, 105] . Second, functional analysis revealed that miRNAs regulate various events associated with placental development and function, including trophoblast cell proliferation, migration, invasion, and angiogenesis, as well as cellular metabolism and steroid hormone production [12, 16, 19, 23, 114] . Third, gestational disorders, particularly PE, are associated with aberrant expression of miRNAs [14, 18, 26, 136] .
Despite these exciting progresses on miRNA research in human placenta, our understanding on how miRNAs contribute to normal placental development and function and placental pathologies is very limited. Future studies should continue to explore the regulation of miRNA expression in placenta. Many transcription factors are known to control trophoblast cell differentiation and placental development [155] . Do they regulate miRNA expression in the placenta? Similarly, various signaling pathways are known to be critical in regulating placental physiology but their roles in regulating miRNA expression are poorly understood. MicroRNAs potentially target many genes and a gene is often targeted by multiple miRNAs. Therefore, it will be important to identify a network of genes targeted by a miRNA and how these target genes mediate the effect of the miRNA in placenta. It will be also interesting to investigate how different miRNAs interact to regulate the expression of a target gene. These studies will enhance our understanding of the molecular mechanisms underlying miRNA regulation of trophoblast activity. Current functional studies depend heavily on the use of trophoblast cell lines and primary cultures of trophoblast cells. To fully understand the functions of miRNAs, in vivo models are needed. The use of tissue biopsies from normal and compromised pregnancies will also provide valuable information on miRNA functions and their involvement in the pathogenesis of pregnancy-related disorders.
Detection of miRNAs in the maternal circulation raises the possibility of using miRNAs as biomarkers to monitor the progression of normal pregnancy and gestational diseases. Aberrant expression of miRNAs in placenta from compromised pregnancies also suggests the potential of using miRNAs as therapeutic targets. Future studies should continue to identify novel candidate miRNAs that may be of etiological relevance to gestational disorders. Specifically, it will be important to collect blood samples from a large number of pregnant women who have healthy or complicated pregnancies and screen for miRNA candidates to predict gestational disorders. To explore the possibility of using miRNAs to prevent or treat gestational disorders, strategies to increase or decrease miRNA levels in the placenta will need to be developed and in vivo studies using animal models should be carried out to determine if over-or under-expression of a particular miRNA might prevent the development of gestational disorders.
